[1] We have used new compositional information on Martian basaltic rocks from the Mars Exploration Rover Spirit and data from new stereo imaging by the High Resolution Stereo Camera (HRSC) on the Mars Express orbiter to constrain an existing analyticalnumerical computer model to assess the potential of Martian lavas to form lava channels by erosion of substrate. The basaltic rocks studied in Gusev crater by Spirit have compositions consistent with lavas of higher liquidus temperature and lower dynamic viscosity than terrestrial tholeiitic basalts, suggesting that they had a greater potential for turbulent flow and erosion of substrate during flow emplacement than terrestrial basalts, more similar to lunar mare basalts. We modeled a specific case to determine whether these lavas could have formed part of a >66 km long channel on the Martian shield volcano Hecates Tholus. This channel formed on relatively steep slopes ($2-8°), based on measurements from the HRSC Digital Terrain Model. Our results suggest that erosion rates were of the order of tens to hundreds of centimeters/day, depending on flow rate and ice content of the substrate. Eruption durations required to erode the Hecates channel ($100-30 m deep over the first $20 km, depth decreasing downstream) range from weeks to months, which are consistent with the known eruption durations of terrestrial basaltic lavas and the previous modeling of Wilson and Mouginis-Mark (2004). Any Hecates lava channels formed from erosion by lava could have served as conduits for later fluvial activity, as recently described by Fassett and Head (2004, 2005).
Introduction
[2] Since the discovery of sinuous rilles (channels) on the Moon [Neison, 1876; Pickering, 1903] , planetary geologists have speculated about the genesis of lava channels on the terrestrial planets and satellites. Some of these features on the Moon and Mars resemble collapsed lava tubes on Earth [Greeley, 1971a [Greeley, , 1971b , whereas others have the morphologies of open channels [Kuiper et al., 1966; Schubert et al., 1970] that perhaps formed similar to lava channels in Hawaii and elsewhere on Earth [Kuiper et al., 1966; Oberbeck et al., 1969; Greeley, 1971a Greeley, , 1971b Murray, 1971; Cruikshank and Wood, 1972; Howard et al., 1972; Gornitz, 1973] . Hulme [1973] and Carr [1974] first suggested that hot, low-viscosity, perhaps turbulently flowing lavas could incise channels into various substrates on the Moon and Mars by thermal erosion. Since then, many studies have been conducted on the processes of erosion by flowing lava, which includes thermal erosion (melting of country rocks and partial or complete assimilation of the xenomelt into the lava), mechanical erosion (plucking and entrainment of loosely consolidated country materials by the flow), and/or thermomechanical erosion (a combination of these processes). Approaches to study these processes include field studies [Greeley and Hyde, 1972; Lesher, 1989; Groves et al., 1986; Greeley et al., 1998; Kauahikaua et al., 1998 ], geochemical analyses of field samples [Williams et al., 2004] , petrologic modeling [Barnes et al., 1988; Lesher and Arndt, 1995] , analog experiments using waxes and slurries [Huppert and Sparks, 1985] , and computer modeling using fluid dynamic and numerical algorithms [Huppert and Sparks, 1985; Bussey et al., 1995 Bussey et al., , 1997 Jarvis, 1995; Williams et al., 1998 Williams et al., , 2000a Williams et al., , 2000b Williams et al., , 2001a Williams et al., , 2001b Williams et al., , 2002 Kerr, 2001; Fagents and Greeley, 2001; Wilson and Mouginis-Mark, 2001] .
[3] In the case of erosion by lava on Mars, relatively little work has been done due to the lack of knowledge about the compositions and rheologies of Martian lavas and the depths and slopes of specific Martian lava channels, as well as the lack of high-resolution coverage of the surface to identify candidate lava erosional channels. Early work focused on numerical modeling based on lunar analogs [Carr, 1974] or inferences from terrestrial studies based on limited Viking data [Cutts et al., 1978; Baird and Clark, 1984] . Aguirre-Puente et al. [1994] modeled thermal erosion of Martian permafrost by water, with a focus on investigating the role of water-induced thermal erosion on the formation of Martian outflow channels. Although the erosional fluid is different, the underlying physics and approach used by Aguirre-Puente et al. [1994] has similarities to that of modeling studies of erosion by lava. The most recent investigation of Martian channel formation by lava erosion [Wilson and Mouginis-Mark, 2001 ] took advantage of a numerical model constrained by a high-resolution ($5 m/pixel) Mars Orbiter Camera (MOC) image of a specific channel on the north flank of Elysium Mons, and corresponding Mars Orbiter Laser Altimeter (MOLA) data. The MOC image was used to constrain channel widths and (by shadow measurements) depths, whereas the MOLA data was used to constrain channel elevations and slopes for the numerical modeling.
[4] NASA's Mars Exploration Rovers (MER) and the ESA Mars Express (MEx) orbiter have provided new data to assess erosion by lava. The Spirit and Opportunity rovers have obtained in situ compositional measurements of rocks and soils at two locations on Mars, while the MEx High Resolution Stereo Camera (HRSC) is providing imaging data in color and in stereo, with stereo resolutions better than those of previous missions. Here we report results from the application of an existing model ] to investigate the role of erosion by lava in the formation of Martian channels, using new constraints provided by MER and MEx.
Background and Objectives
[5] During the first weeks of operations by the HRSC [Neukum et al., 2004a] , a high-resolution (25 m/pixel nadir, 50 m/pixel stereo, 100 m/pixel color) image was obtained over the Elysium volcano Hecates Tholus (Figure 1 ). Hecates Tholus is a large shield volcano [Greeley and Spudis, 1981] , $160 Â 175 km in size, whose summit caldera is centered at 32°N, 150°E [Mouginis-Mark et al., 1982] . The caldera appears slightly offset on the volcano, due to flooding by Elysium plains lavas that cover the southwestern part of the shield [Malin, 1977; Mouginis-Mark et al., 1982] . Four episodes of caldera collapse are evident [Mouginis-Mark et al., 1982] ; crater counts on the new HRSC images suggest that volcanic activity in the caldera occurred as recently as $100 -300 Ma [Neukum et al., 2004b] . Lobate flows were not observed on Hecates in 40 m/pixel Viking images [Mouginis-Mark et al., 1982] , but a few flows are visible in the 25 m/pixel HRSC nadir image. A region of reduced crater population (crater sizes <2 km diameter) occurs west of the caldera, which was interpreted as due the presence of a pyroclastic deposit and evidence of explosive volcanism [Mouginis-Mark et al., 1982] . A darker albedo feature in the HRSC color image is also present in this region [Hauber et al., 2005] , and in the Mars Odyssey Thermal Emission Imaging System (THEMIS) nighttime infrared mosaic ( Figure 2 ) this region is dark, possibly indicating low thermal inertia materials. It is also at the center of a radial pattern of bright wind streaks visible in the THEMIS nighttime IR data, which has implications for atmospheric behavior around and over Hecates [Neakrase et al., 2005] .
[6] Analysis of the HRSC stereo anaglyph of Hecates shows a single, narrow channel emanating from the central caldera that can be traced to the base of the shield, a distance of >66 km. (This channel was recognized in Viking images by Mouginis-Mark et al. [1982] and Gulick and Baker [1990] , although they did not describe it as extending from caldera to base of the shield. In lower-resolution Viking images a central part of the channel appears to be buried by a secondary crater field. In a large photograph of the HRSC stereo anaglyph, the channel can clearly be seen to be continuous underneath the secondary crater ejecta.) The lower reaches of this channel are linear, like most of the other radial channels that cover the lower flanks of the volcano. However, the upper reaches of this channel are quite sinuous and distinct from other channels and depressions on the upper flanks of Hecates. Fassett and Head [2004] Fassett and Head, submitted manuscript, 2005) have demonstrated recently that these channels were likely produced by basal melting of a summit snowpack, in which magmatic intrusions within the shield provided heat to melt the overlying snow, producing water that incised the channels on the relatively steeper slopes (5 -8°) of the lower shield. This work is consistent with previous studies [e.g., Mouginis-Mark et al., 1982; Gulick and Baker, 1990] , which concluded that fluvial activity was the most likely explanation for the genesis of the radial Hecates channels. While we do not dispute these findings, the presence of the single, slightly more sinuous channel emanating from the Hecates caldera, and the presence of other collapse features on the upper slopes of the Hecates shield (Figure 1 ) made us question if lava channels or tubes might have been present on the shield. Such conduits would likely have been exploited by the meltwater of the Fassett and Head model to produce larger, deeper channels on the flanks of the shield. Our experience with the Cave Basalt lava tubes on Mount St. Helens clearly shows that erosion by lava had a role in their formation, and that later surface runoff exploited these tubes [Greeley and Hyde, 1972; Greeley et al., 1998; Williams et al., 2004] . Thus this discussion led us to test an alternate hypothesis, that is, whether erosion by lava could have formed (at least in part) the upper reaches of the Hecates channel.
[7] Using numerical modeling constrained by new information on Martian lavas and substrates from current missions, our objectives are to (1) determine the potential for erosion by Martian lavas relative to those on other planets and (2) determine the possibility for lava erosion to produce the Hecates channel and if so, assess the eruption conditions.
Methodology
[8] The Williams et al. [1998] model of lava emplacement and erosion was developed to assess the potential of subaqueously emplaced Precambrian komatiitic lavas to erode channels into substrates of various composition, degrees of consolidation and water content, and adapted to the Moon and Jupiter's moon Io to investigate channel formation on these bodies [Williams et al., 2000a [Williams et al., , 2000b [Williams et al., , 2001a [Williams et al., , 2001b . However, this model requires as input parameters the major oxide composition of the initial erupted lava and the underlying substrate, as well as an initial flow thickness (proxy for flow rate) and the slope of the underlying substrate. Modeled erosional channel depths , with the color channels imaging at 100 m/pixel. This color composite was made using the infrared, green, and blue channels. Note the darker region north and west of the caldera, possibly indicative of the pyroclastic deposits identified by Mouginis-Mark et al. [1982] . The white region east of the caldera is thought to consist of clouds, which is consistent with corresponding OMEGA data (F. Poulet, personal communication, 2004) . Data from the OMEGA spectrometer on Mars Express also suggest that the darker region of possible pyroclastic material has a different grain size or surface texture than the rest of the shield (F. Poulet, personal communication, 2004) .
as a function of distance from the lava source can be compared with measured depths in the field or image data. This model was applied to the Moon using the compositions of lunar mare basalts [Williams et al., 2000a] , and applied to Io using a terrestrial komatiite analog consistent with the Galileo spectral composition and eruption temperature estimates of inferred Ionian ultramafic lavas [Williams et al., 2000b [Williams et al., , 2001a . Until now, there was a lack of good compositional data on Martian basaltic rocks and highresolution stereo data to determine slopes, flow thicknesses, and channel depths of specific lava channels, data that are now available from MER and MEx.
Constraints From MER Spirit: Composition of Basaltic Rocks
[9] Spirit landed in Gusev Crater (14°N, 176°E) on Mars on 3 January 2004 [Squyres et al., 2004] . Spirit's early in situ studies focused primarily on the rocks and soils near the landing site using the Microscopic Imager (MI) [Herkenhoff et al., 2004] , Alpha-Particle X-ray Spectrometer (APXS) [Gellert et al., 2004; McSween et al., 2004] , Mossbauer spectrometer [Morris et al., 2004] , and Rock Abrasion Tool (RAT). Although many workers expected Gusev rocks to be sedimentary (from the purported lake sediments that are thought to have flooded the crater [see, e.g., Kuzmin et al., 2000] ), the analyzed Gusev rocks show major oxide compositions consistent with primitive basalts, comparable ''with terrestrial basaltic komatiites'' [Gellert et al., 2004] . Such compositions are ideal proxies for mafic lava compositions in our modeling. Furthermore, McSween et al. [2004] reported extrapolated compositions for these rocks that were brushed to remove dust coatings, that were ground to remove thin silica coatings (providing unaltered surfaces for study), and that were adjusted for soil sulfur content. For our modeling, we chose the Adirondack end-member [see McSween et al., 2004, Table 1 ], which was the most mafic composition reported. Compared to terrestrial basalts (Table 1) , the Gusev basalts are lower in silica and alumina, higher in magnesia, and much higher in iron. In fact, if the Gusev rocks occurred on Earth, then they would be classified as high-Mg basalts (i.e., 9 -12 wt% MgO). These results are consistent with earlier work by Baird and Clark [1981] , who suggested that the ''silicate fraction'' of Martian fines analyzed by the Viking landers had a composition likely derived from ''Fe-rich komatiite-like basalts.''
[10] If we assume (for modeling purposes) that a Martian liquid lava had the composition of the Gusev basalts, then it would have had a 1-bar liquidus temperature $1270°C (based on calculations using MELTS [Ghiorso and Sack, 1995] on this composition, assuming fO 2 constrained by the QFM buffer), a density of $2820 kg/m 3 , and a dynamic viscosity (at liquidus) of $2 PaÁs (similar to glycerin). For lavas with such a low-viscosity, it is likely that they could have been emplaced as turbulent flows (Reynolds number >2000 for confined flow), even at relatively low flow rates [Williams et al., , 1999 .
Constraints From MEx: Slopes, Flow Thicknesses, and Channel Depths
[11] HRSC imaging data obtained for Hecates Tholus include nearly complete nadir coverage at 25 m/pixel, stereo coverage at 50 m/pixel, and 4-color coverage at 100 m/pixel [1982] . Interestingly, bright wind streaks emanating from craters are arrayed in a radial pattern centered on this dark region. Liquidus temperatures (T liq ) were calculated using MELTS [Ghiorso and Sack, 1995] ; the solidus temperatures (T sol ) are taken from the experimental data of Arndt [1976] . Density (r) was calculated using the method of Bottinga and Weill [1970] with the coefficients of Mo et al. [1982] ; liquid viscosity (m) was calculated using the method of Shaw [1972] ; specific heat (c) was calculated from the heat capacity data of Lange and Navrotsky [1992] ; and heat of fusion (L) is approximated using data from Navrotsky [1995] . The HRSC provides near-simultaneous imaging using 9 channels, including nadir, forward-looking, and backward-looking stereo, four color channels (red, green, blue, infrared), and two photometry channels. In addition, a separate Super-Resolution Channel (SRC) obtains monochrome image frames embedded in the HRSC image strips at resolutions of 2 -5 m per pixel. For more information on the HRSC experiment, see Neukum et al. [2004a] .) These images were processed to produce a red-green stereo anaglyph, and a Digital Terrain Model (DTM) with a spatial resolution of 100 m/px. We used the HRSC DTM to determine the slope of the Hecates channel in segments along its length (Figure 3 ). Nearest the caldera the slope in the channel is $2.4°, but quickly increases to 3 -5°on the upper flanks of the volcano. The slope generally increases on the lower flanks, from 5 -6°to more than 8°at the base of the shield. The average slope along the channel (summing the segments given in Figure 3 ) is 4.8°, and is 3.4°o ver the first $20 km of the channel. On the basis of error propagation calculations which take into account the mean 3D point accuracy and the horizontal separations involved, we can estimate a mean angular accuracy of about one fourth of a degree for the slope values. The expected error is smaller than 0.5°for all derived slopes. These slope values serve as an input parameters for our model.
[12] The channel ranges in width from $520 m at the channel head in the caldera wall to $180 m near the point where it starts to disappear in the secondary crater field (Figures 4-6 ). Shadow measurement of channel depth from the HRSC resampled nadir image at 12.5 m/pixel ( Figure 4 and Table 2) show that the channel is as deep as $105 m near the channel head gradually decreasing to a few tens of meters deep about 20 km from the head. As a check on the shadow measurements, we also attempted to measure channel depths on the stereo comparator. This device allows precise determination (few microns) of the parallax differences between the heights of surface features, if performed by an experienced user. One of us (G.N.) made several depth measurements in the channel (Table 2 and Figure 4 ), which were calibrated to points in the Hecates caldera along a MOLA track. These results are consistent with our shadow measurements, in that the widest parts of the channel in the first 20 km downstream are $40 -60 m deep.
[13] We also determined flow thickness from shadow measurements of a few visible flow fronts (Table 2: $20-60 m thick). Because lava flows generally increase in thickness as they flow downstream (i.e., eroding flows assimilate substrate and grow crusts on their upper surfaces, and tube-fed flows grow by inflation [Hon et al., 1994] ), these thicknesses place upper bounds on the initial flow thicknesses in our model. Flow thickness is used as a proxy for flow rate, assuming constant flow rate downstream ].
Model Description
[14] The Williams et al. [1998] lava emplacement and erosion model has been adapted for Martian gravity and environment. Because a detailed description of this model has been previously published [Williams et al., , 1999 [Williams et al., , 2000a [Williams et al., , 2000b , only a brief description is given here. The model begins at the vent with the input of an initial lava composition, substrate composition (here assumed to be the same as the lava), liquidus, solidus, and eruption temperatures (Table 1) , surface pressure, flow thickness, ground slope, and fraction of water ice in the substrate. A series of algorithms is used to calculate the initial thermal-physical properties of the lava (dynamic viscosity, density, specific heat, heat of fusion, etc.; see Table 1 ). From the initial values of the lava thermal-physical properties, a series of auxiliary equations is used to calculate additional lava properties at the vent including crystallinity, bulk viscosity, flow velocity, friction coefficient, Reynolds number, Prandtl number, convective heat transfer coefficient, erosion rate, and the degree of contamination of the lava by assimilated substrate. The compositional change in the liquid lava due to the assimilation of thermally eroded substrate is calculated using mass balance expressions, as is the compositional change in the liquid lava due to the crystallization of olivine. These mass balance expressions are used to calculate a new liquid lava composition that is used to recalculate the temperature-and composition-dependent thermal, rheological, and fluid dynamic properties of the lava at each model increment. The decrease in lava temperature due to convective heat transfer, formation of a coherent crust, and thermal erosion at the base of the flow (including release of latent heat) is calculated using a first-order ordinary differential equation modified from Huppert and Sparks [1985] . Because the physical properties of the lava are changing with downstream flow, this equation must be solved at each increment of distance from the eruption source using a fourth-order Runge-Kutta numerical method. Once a new temperature and a new lava composition are calculated, all of the important thermal, rheological, and fluid dynamic parameters are recalculated at the next increment of distance downstream. Thus the thermal, fluid dynamic, and geochemical evolution of the lava flow with distance is simulated [Williams et al., , 1999 [Williams et al., , 2000a [Williams et al., , 2000b .
Modeling Assumptions
[15] We make several additional assumptions about other relevant parameters. For this work, we are interested in determining erosion in the first 30 km or so from the vent. Other model output for which there are no field data for comparison in the Martian case (e.g., lava crustal thicknesses in the channel, degree of contamination in sampled flows, etc.) are not reported or discussed. Furthermore, the substrate composition is assumed to be similar to the overlying lava, which is not unreasonable for flows on the top of a volcanic edifice. We assume that no inflation occurs in the channel during lava emplacement. The lavas are assumed to erupt and flow over an unobstructed homogeneous substrate, but with a slope determined from the HRSC DTM. Because results from the Gamma Ray Spectrometer on the Mars Odyssey orbiter suggest the widespread presence of water ice in the Martian regolith [Boynton and the GRS Team, 2002; Feldman et al., 2002] , because recent models suggest cyclical variations in Martian climate enabling the accumulation of snowpacks on some parts of the surface [Mischna et al., 2003] , and because Table 2 . Numbers 1 -10 and N1-N3 are channel depth measurements, numbers 11 -14 are flow lobe thicknesses, and letters A -E are channel width measurements.
there is compelling evidence for basaltic pyroclastic material on Hecates Tholus [Mouginis-Mark et al., 1982] , it seems reasonable to test erosional models for both erosion of a pure basaltic substrate, and for a substrate consisting of both basalt and ice (perhaps analogous to a pyroclastic deposit with ice filling the voids between rock fragments). For simplicity, we assume that the pure lava substrate begins to melt at a single temperature (1080°C), which for this composition has a corresponding liquid viscosity of 17 PaÁs. In reality, as the substrate is heated the lower melting temperature glasses and mineral components (e.g., feldspar) are the first to melt, which probably reduce the strength of the ground such that the remaining material can be removed by mechanical erosion. For the 50% ice-50% rock substrate, we assume it is consolidated, and that the ice is melted first followed by the rock. When more Figure 5 . Mars Global Surveyor MOC-NA imaging (2 -6 m/pixel) coverage of the Hecates caldera and main channel, superposed on HRSC nadir image (12.5 m/pixel). Coverage is quite irregular over the channel, and there were no useful shadows to obtain depth measurements, necessitating the use of the HRSC nadir image. information about the mineralogy of Martian basalts becomes available, more sophisticated algorithms to simulate substrate melting can be employed.
Results and Discussion
[16] We report model results in the form of graphs showing erosion rate and erosion depth after one month of flow versus distance from source. To investigate our first question, ''What was the potential for erosion by Martian lavas relative to those on other planets?'', we ran our model using the Gusev composition in Table 1 for both lava and substrate, erupting the lava at its liquidus for a 10 m thick flow over a substrate slope of 0.1°at ambient temperature (for Mars, À59°C [Lodders and Fegley, 1998] ) and assuming no water or ice in the substrate. These ''baseline parameters'' facilitate comparison between different lava compositions on different planets [e.g., Williams et al., 1998 Williams et al., , 2000a Williams et al., , 2000b . These results are given in Figure 7 . Compared to highly ultramafic lavas, such as terrestrial high-MgO komatiites, Martian lavas (based on the MER Spirit compositions from Gusev) are much less mafic, and thus have higher viscosities, lower potentials for turbulence, and thus lower erosion rates. These results are consistent with previous findings of sensitivity analyses of this model [Williams et al., 1999] . In general, erosional potential of low-viscosity lavas increases with MgO and FeO content, flow rate, slope, and degree of unconsolidation and the presence of low melting temperature volatiles (i.e., water) in the underlying substrate. Interestingly, these results indicate that Martian basalts are slightly more erosive than lunar mare basalts (initial rates of 17 versus 13 cm/d), even though the lunar mare basalts have higher combined MgO and FeO contents, higher liquidus temperature, and lower dynamic viscosity (Table 1) . The reason for this is that at this flow rate and slope, the convective heat transfer rate to the substrate is higher in the Martian case because of the higher Prandtl number. For other initial conditions (higher flow rate or steeper slope), the higher temperature, lower viscosity of lunar lavas would dominate and result in higher heat transfer rates and erosion rates than the Martian lavas.
[17] To investigate our second question, ''Was it possible for erosion by lava to produce (at least the upper reaches of) the Hecates channel?'', we ran our model using the Gusev composition in Table 1 for both lava and substrate, erupting the lava at its liquidus for three different initial flow thicknesses (''thin'': 3 m, ''intermediate'': 7.5 m, and ''thick'': 15 m thick flows) over a slope of 3.4°(consistent with the steeper slope as determined from the HRSC DTM), at an ambient temperature of À59°C. We performed model runs assuming no ice in the substrate, and 50% ice in the substrate (Table 3, Figure 8 ). Our results show, as expected, higher erosion rates at higher flow rates, and higher erosion rates of substrate made up of ice and rock than just rock alone. Over a substrate of rock alone, thin, intermediate, and thick Martian lava flows (as defined above) produce initial erosion rates of roughly 50, 75, and 90 cm/d, respectively. To erode a 100 m deep channel (depth near the channel head) at these rates would require $200, 130, and 110 days ($4 -7 months), respectively. If the substrate contained a significant fraction of water ice (50%), thin, intermediate, and thick Martian lava flows (as defined above) produce initial erosion rates of 102, 150, and 190 cm/d, respectively. To erode a 100 m deep channel would require $98, 67, and 53 days, respectively. To erode a 40 m deep channel at these erosion rates would have required eruption durations of [18] It seems likely that Martian lavas were capable of producing erosional channels if erupted lavas were above or near their liquidi, if they contained few entrained crystals and/or a low abundance of vesicles, if they flowed over relatively steep slopes (>1°), if the substrates were loosely or unconsolidated (and mixed with ice), and if eruption durations were weeks to months in length. In the case of the large channels on Hecates Tholus, if conduit-fed flow occurred, the production of channels and tubes at least partially formed by erosion by lava would have served as conduits for later meltwaters, resulting in larger fluvial channels on the lower flanks of the shield as described by Fassett and Head [2004, submitted manuscript, 2005] . To better understand the potential role of erosion by lava and other volcanic processes on Mars will require more study using the new data sets now being returned by MER and Mars Express, as well as more in situ compositional data from additional volcanic sites on Mars, and higher-resolution imaging of volcanic terrains such as that which will be provided by the 2005 Mars Reconnaissance Orbiter.
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